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We present a methodology for calibrating the thermoelastic
properties of constituent tows in a woven C/SiC composite
using a combination of experimental measurements and ﬁnite
element simulations of strain distributions that arise upon heat-
ing. Because of the nonuniform distribution of the matrix phase
and the presence of matrix microcracks, tow properties cannot
be reliably predicted a priori using micromechanical models
alone; instead, some can only be inferred from coupled experi-
mental/numerical studies of the kind presented here. A small
number of iterations of ﬁnite element simulations is required to
achieve satisfactory agreement in all thermal strain compo-
nents. The number of iterations is minimized by ﬁrst perform-
ing simulations using model-based estimates of the eﬀective
tow properties, followed by judicious adjustments to select
property values. Comparisons between measurements and simu-
lations are performed on the basis of strains averaged over a
characteristic area dictated by tow dimensions. The study
reveals that, although each segment of a particular tow genus
is nominally equivalent to all others, the strains within each
population exhibit considerable variation. This is attributable
to variations in both tow geometry and connectivity between
adjacent tows. The virtual tests predict strain variations of
comparable magnitude.
I. Introduction
ONE of the current challenges in the ceramics communityis the development of a capability for performing high-
ﬁdelity virtual tests on ﬁber-reinforced ceramic-matrix com-
posites (CMCs). The potential payoﬀs of such a capability
are enormous. First, in light of the high cost of the constitu-
ents and the specialized facilities required for processing
these materials, real tests at the scale and in the number his-
torically used to qualify metallic alloys are prohibitive.
Replacing some of these with virtual tests could signiﬁcantly
reduce the high costs of material qualiﬁcation. Indeed, one
role of virtual tests is to inform and guide a real test plan so
that material is utilized most eﬃciently. Second, a virtual test
can probe local stresses and strains throughout the entire
material under service conditions and can thereby identify
likely locations and modes of material failure. In real tests,
there are severe restrictions on the extent to which the inte-
rior of materials can be probed, especially at high tempera-
tures. A virtual test can also probe eﬀects of material defects
and heterogeneities—features replete in ceramic composites—
on thermal and mechanical performance. Such eﬀects are
rarely amenable to systematic experimental investigation.
Finally, virtual tests can most eﬃciently identify optimal
weaves of woven CMCs to match anticipated service loads.
As part of a broad eﬀort towards this challenge among
several research groups in the National Hypersonics Science
Center, the present study is focused on advancing one spe-
ciﬁc facet of the virtual test: that of the thermal expansion
behavior of a highly anisotropic C/SiC composite. This com-
posite exhibits complexity over a range of length scales and
with respect to several physical and mechanical phenomena.
First, as with all textile composites, internal stresses resulting
from a uniform macroscopic thermal or mechanical load are
inherently nonuniform and depend on the weave architec-
ture. Second, the constituents exhibit large mismatch in their
respective coeﬃcients of thermal expansion (CTE); typically,
the axial and radial CTE of the ﬁbers are about zero and
9 9 106 K1, respectively, whereas that of SiC is about
4 9 106 K1. Thus, for a thermal excursion of 1500 K, the
axial misﬁt strain between the constituents is about 0.006:
likely suﬃcient to initiate local failure. Third, because of the
nature of the methods employed in CMC processing, the
matrix material tends to be distributed nonuniformly. For
instance, during the chemical vapor inﬁltration (CVI) process
commonly used in forming a SiC matrix, the tows can
become pinched oﬀ from their surroundings once a suﬃ-
ciently thick shell of SiC has formed on the tow surface,
thereby preventing further ingress of the gases needed for
densiﬁcation. This has important implications regarding the
anisotropy of the CTE and the stiﬀness of the tows as well
as the anisotropy of thermal conductivity. Virtual tests are
therefore highly desirable for probing the many facets of
thermomechanical response of these composites.
The speciﬁc goal of the present study is to assess the capa-
bility of a virtual test in predicting the tow-scale thermal
strains in a partially densiﬁed C/SiC composite. The study
builds on previous work in which the weave geometry of the
same composite was characterized in detail by X-ray com-
puted tomography (CT)1 and parallel eﬀorts to develop a vir-
tual geometry generator.2–4 It also builds on recent
advancements in testing capabilities: notably, full-ﬁeld strain
mapping at sub-tow length scales, at temperatures up to
1500°C.5
The article is organized in the following way. Section II
describes the material of interest, the testing and analysis
protocols, and the experimental measurements. Section III
focuses on the virtual tests. Here, the goal is to identify the
thermoelastic constants of the ﬁber tows that yield predicted
ﬁelds that are consistent with the experimental measure-
ments. One practical challenge is that the calibration is essen-
tially underconstrained: the number of unknown variables
exceeding the number of discriminating tests.
II. Experimental Investigations
(1) Material
The material examined in this study is a woven C-ﬁber SiC-
matrix composite.1–3 Several views of the composite and
some of the salient microstructural features are shown in
Figs. 1 and 2. The ﬁber preform consists of T300-6K tows in
a three-layer angle interlock weave. The tows fall into one of
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three nominally equivalent types: (i) surface wefts, one set evi-
dent on each of the two surfaces, (ii) central wefts, nominally
straight and residing midway between the two surface weft
populations, and (iii) warp tows that weave through-thick-
ness, transverse to the wefts. The ﬁbers had been coated with
a thin layer of pyrolytic carbon via CVI. The preform was
then partially inﬁltrated with CVI SiC, resulting in thin non-
uniform coatings on the individual ﬁbers within the ﬁber tows
and a relatively uniform 30–40 lm-thick matrix layer around
the ﬁber tows. The volume fraction of ﬁbers, taken as the
ratio of area occupied by ﬁbers to the area contained within
(but excluding) the SiC jacket, was 61%; neglecting the very
small amount of SiC within the tows, the inter-tow porosity
was therefore taken to be 39%. In this (partially -processed)
state—that is, lacking a fully dense matrix—the eﬀects of the
anisotropic thermoelastic properties of the tows are mani-
fested strongly in the spatial distributions of the thermal
strains measured on the external surfaces (the presence of a
dense matrix between tows would mask such eﬀects).
(2) Heating and Thermal Strain Measurements
Thermal strains were measured using a laser heating and
imaging system, shown in Fig. 3 and described elsewhere.5
Brieﬂy, heating was accomplished with a 2 kW CO2 laser
operating at a wavelength of 10.6 lm. Custom optics were
utilized to homogenize the beam. Temperature measurements
were made using a combination of a two-color pyrometer
operating at 800 and 950 nm, a two-color spot pyrometer
operating at 800 nm and 1.7 lm, and a single-color infrared
camera operating at 3–5 lm.
Illumination for optical imaging and strain mapping was
accomplished using an array of blue LEDs operating in the
wavelength range 440–460 nm. Imaging was performed with
a pair of optical cameras ﬁtted with 100 mm macrolenses.
Band-pass ﬁlters were attached to the lenses to limit the
wavelength of reﬂected and emitted light to a narrow band
bracketing the LED output. Eﬀects of thermal turbulence
were minimized using an Ar gas knife blowing tangentially
to the sample surface. The Ar also mitigates to some extent
the rate of sample oxidation. In the present experiments, the
magniﬁcation of the optical imaging system was 11 lm/pixel
at a standoﬀ distance of 32 cm. Following the experiment,
the sequence of images was correlated using the VIC-3D
DIC software (Correlated Solutions Inc., Columbia, SC).
Test samples 12 mm 9 12 mm in size were machined from
the composite plate. The samples were speckled using an alu-
mina slurry (Pyro-Paint 634-AL; Aremco Products Inc., Valley
Cottage, NY) sprayed through an airbrush. The average
speckle size, measured using an autocorrelation technique, was
100 lm. The samples were placed in a 12.7 mm 9
12.7 mm 9 2 mm deep well cut into a sheet of graphite. The
well dimensions were selected to be slightly greater than the
sample size to prevent intimate contact between the sample
edges and the graphite (and hence minimize heat conduction)
as well as allow thermal expansion to occur without constraint.
The graphite sheet was backed by a plate of low-conductivity
porous SiC.
Samples were heated at a rate of 300 K/min up to a target
maximum temperature of 1000°C, held at ﬁxed heat ﬂux for
(a)
(b)
(c)
(d)
Fig. 1. (a) Plan view of the woven C/SiC composite, indicating the
various tow genuses and the unit cell. The lines denote the locations
at which subsequent sections (b–d) were obtained. Also shown in
(b–d) are corresponding arrays of surface nodes deﬁning the tow
boundaries used in the virtual tests.
(a)
(b) (c)
Fig. 2. Closer views of the tows, showing intra-tow porosity, accumulation of SiC on individual ﬁbers within the interior of the tows and as a
“jacket” on the tow exterior, and cracks in the SiC (indicated by arrows).
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3 min (to reach thermal equilibrium), and then allowed to
cool. The strains were measured after thermal equilibrium
had been attained. The average temperature measured on
three such samples was 102610°C. The temperature proﬁle
on the sample surface was monitored using the IR camera
and was veriﬁed to be uniform within 10 K. In combina-
tion with a thermocouple placed between the specimen and
the back plate, the thermal images showed that the through-
thickness temperature diﬀerence was no greater than 90 K.
Weight measurements before and after testing revealed only
a small mass loss (4%–7%). Inspection of the samples after
testing indicated that the loss was due mainly to oxidation of
the C ﬁbers that had been exposed at the cut edges. Correla-
tions of images taken at ambient and peak temperatures were
performed using a subset size of 41 pixels (0.47 mm) and a
step size of 4 pixels.
(3) Analysis Procedures
Following correlation, the displacement data were imported
into Mathematica (Wolfram Research, Champaign, IL) for
segmentation and strain analysis. For quantitative compari-
sons with the virtual tests (described below), the DIC results
were used to compute separately the average in-plane ther-
mal strains within individual segments of both warp and sur-
face weft tows on the sample surface (although narrow
segments of central wefts were also visible, their area proved
to be insuﬃcient to make reliable strain measurements). To
facilitate the latter computations, the DIC data were seg-
mented using the following procedures.
First, weft tows were identiﬁed manually by inspecting
surface height maps. Each segment was assigned a rectangu-
lar domain deﬁned by the tow edges. Then, to eliminate the
eﬀects of neighboring tows on the displacement data within
any one tow segment, each region of interest was pared by
an amount equal to half the subset size around its periph-
ery. In this way, none of the nodal data are aﬀected by
points residing in neighboring segments. Figure 4 shows an
example of the resulting segmented wefts. An alternative
technique was employed for segmenting the warp tows.
With the warp crowns lying above the other tow segments,
the warp segments were isolated from all others by thres-
holding the surface height (z) data accordingly. A clustering
algorithm was then employed to identify the data points
that belong to each warp tow segment. The z-threshold was
selected to remove regions lying within half the subset size
of the tow edges. Finally, to remove segments that intersect
the sample edges, segments with areas less than 80% of
their respective genus average were excluded from further
analysis. The results of the latter segmentation are also
shown in Fig. 4.
The average in-plane strains in each tow segment were
determined by ﬁrst performing a linear ﬁt to the displace-
ment–position data, u(x, y) and v(x, y). The average in-plane
strains, exx, eyy, and exy, were computed from displacement
gradients in the usual way. The two normal strains
(expressed in terms of the global x  y coordinate system)
were then classiﬁed according to their directions with respect
to the local ﬁber direction: axial, if parallel to the tow trajec-
tory and transverse, if perpendicular to it. Thus, in total, six
populations of strain measurements were obtained: three
each (axial, transverse, and shear) for the warp and the weft
tows. Data for three test specimens were pooled together,
yielding about 20 individual measurements for each distribu-
tion.
Comparisons of sequential image pairs at peak tempera-
ture indicated a root mean squared (RMS) displacement
error (vRMS) of 0.01–0.02 pixels, consistent with previous
estimates.6 The resulting strain error scales with mRMS/hf,
where hf is a characteristic dimension used for strain averag-
ing (i.e., the gauge length).6,7 For gauge lengths employed in
computing the average tow-segment strains, the strain error
is estimated to be in the range of (1–3) 9 104.
(4) Experimental Results
Maps of normal strains and surface height for a representa-
tive test sample are shown in Fig. 5. Superimposed on the
maps are the approximate locations of the boundaries of the
surface wefts and the warp tows. Upon inspection, it is
apparent that the tows exhibit anisotropic thermal expansion.
For instance, the strain eyy in the weft tows is about twice
that in the warp tows [left image of Fig. 5(b)]. Conversely,
the strain exx in the weft tows is about half that in the warp
tows. Indeed, these patterns coupled with the ﬁne-scale
intratow variations served as the impetus to compute
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Fig. 3. Schematic of test apparatus used to map thermal strains.
(a) (b)
Fig. 4. Topographic map of (a) an entire test coupon and (b) the same coupon after segmentation and segment paring.
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area-averaged strains within individual tow segments; the lat-
ter were then used in comparisons with virtual test results.
The strain values obtained by ﬁtting the displacement
ﬁelds over individual tow segments are summarized in Fig. 6.
They are presented in two forms. In (a) and (b), axial and
transverse normal strains in both warp and surface weft tows
are plotted against the distance from the sample center to the
point of interest. The objective was to assess whether some
of the variation was due to edge eﬀects and, if so, the spatial
extent to which the edge eﬀects persist into the sample.
Within the scatter in the measurements, no such eﬀects are
observed. In (c), normal and shear strains are represented by
box-and-whisker plots. Here, each shaded box represents the
middle 50 percentile of the distribution, the central line is the
median, and the whiskers extending from the box encompass
the ﬁrst and fourth quartiles. The average axial and trans-
verse strains for both tow types are about 0.002 and 0.0045,
respectively. The variations over the full range fall within
about 0.001 of the respective median. These variations are
larger than those expected from measurement error alone
(the latter would be of the order of twice the estimated error
in strain measurement: 0.0002–0.0006). The inference is that
the measured strain variations are likely intrinsic to the com-
posite and not solely a manifestation of measurement error.
III. Virtual Tests
(1) Specimen and Mesh Generation
A ﬁnite element (FE) mesh of the angle interlock composite
for use in the virtual tests was created using the virtual speci-
men generator.4 The ﬁrst stage in a series of computational
algorithms is the gathering of a statistical description of the
tow architecture through analysis of X-ray CT images.1 The
resulting positions and cross sections of each genus of tow
(warp, central weft, top surface weft, and bottom surface
weft) throughout the material are described by both a deter-
ministic systematic ﬁeld and nondeterministic stochastic vari-
ations. Tows are described in terms of six variables: the
center of mass in space {x, y, z}, the cross-sectional area and
aspect ratio, and the rotation of the major axis of the tow
cross section about the longitudinal tow axis. Systematic
variations of each tow genus are calculated by a process
known as reference period collation. In this process, each
tow in the experimental specimen is collected according to
genus type. Suitable vector translations are then performed
to transform the tows into approximately the same location
and phase. Systematic variations for each tow genus are rep-
resented by the collection of averages of the preceding tow
variables at each position along the tow axis. Stochastic vari-
ations can be described by the root mean squared deviation
from the systematic mean and the correlation length (the
maximum distance at which a tow is still inﬂuenced by
behavior further down the tow).1 The resulting statistical
variables are then used as input to a geometry generator to
construct a series of points deﬁning the tow center and the
corresponding surface proﬁle. The model employed in the
present study was restricted to having only systematic devia-
tions.
Using the three-dimensional surface proﬁle for each ﬁber
tow (consisting of triangular facets joined together to form a
continuous surface), a solid three-dimensional mesh compris-
ing four-noded tetrahedral elements was generated using
TetGen (Version 1.4.3).8 This meshing algorithm allows speci-
ﬁcation of constraints on element volume and aspect ratio,
thereby facilitating construction of a range of numerically
feasible meshes with varying degrees of mesh reﬁnement. The
output from TetGen is an array of xyz nodal points and a
list of element nodes describing tetrahedrons for each tow.
Each tow is meshed individually and can be collated into a
single model mesh for use in FE simulations. Tow interac-
tions are governed by prescribed contact conditions, as
described below. Comparisons of surface topographies
obtained from this generation procedure and measured via
DIC are shown in Fig. 7. The agreement is excellent over
most of the area. The slight discrepancies are due in part to
the elliptical idealization of the tow cross section in the trans-
lation of the CT images into the virtual sample.1 Some error
also derives from the inability of DIC to correlate near
surface discontinuities (e.g., edges of tows).
Finite element simulations were conducted in ABAQUS
Standard (Version 6.9-EF1; Dassault Systemes, Velizy-Villa-
coublay, France). Following a successful mesh convergence
study, a mesh comprising 2.2 9 106 ﬁrst-order tetrahedral
elements (C3D4) was used. For each element, a local coordi-
nate system was deﬁned so that the 1-direction was aligned
with the local trajectory of the ﬁber tow. To prevent rigid
body translation and rotation of the entire specimen, select
translational degrees of freedom for three nodes within the
mesh (each belonging to a diﬀerent tow) were constrained.
Surface-to-surface interactions were speciﬁed between neigh-
boring tows to capture the eﬀect of the SiC matrix (see Sec-
tion III(3) for further detail). Surfaces were not adjusted†
prior to application of the temperature change
(DT = 1000 K, to match the experimental temperature pro-
ﬁle). The eﬀects of a through-thickness temperature gradient
of 90 K were also simulated. These yielded surface strains
that diﬀered from those for isothermal simulations by <1%.
(2) Constitutive Behavior
The strains are assumed to be elastic and, because of symme-
try, the tows are treated as being transversely isotropic. For
consistency with previous descriptions of the microstructure,1
(a) (b)
Fig. 5. (a) Topographic and (b) thermal strain maps of a representative test sample after heating from ambient temperature to 1026°C.
†A commonly employed feature in ABAQUS is the “strain-free adjustment” for sur-
faces that are to be tied together; nodes/elements on adjacent surfaces that are roughly,
but not exactly, coincident are brought into closer contact without imposing any strain
on the elements.
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the tow surface is taken to be the interior surface of the SiC
jacket. The jacket material and the SiC within the tow inte-
rior are homogenized and represented by an eﬀective medium
that yields the same tow response. As the model only cap-
tures the architecture of the composite at the tow-scale, ﬁne-
scale microstructural features within the tows are ignored.
The elastic constants of the tows were estimated using a com-
bination of micromechanical models,9,10 mechanical tests,
and FE simulations. The models are based on the assump-
tion that each tow comprises unidirectionally aligned ﬁbers
in an eﬀective medium that embodies the properties of the
SiC and the intratow porosity. The eﬀective medium proper-
ties were determined through comparisons of virtual tests of
uniaxial tensile loading with corresponding experimental
measurements. The models and calibration procedures are
detailed in the Appendix. The resulting elastic constants are
summarized in Table I.
The thermal expansion coeﬃcients of the tows were deter-
mined using analogous micromechanical models,10 also
detailed in the Appendix. The models take as inputs the
CTEs and elastic properties of the composite constituents,
where the constituents are now the ﬁbers and the eﬀective
medium determined from the mechanical analysis. Two cases
were considered, distinguished by the ﬁber axial CTE. In the
ﬁrst, the axial CTE was taken to be 0.6 9 106 K1
(reported by the manufacturer, for near-ambient temperatures).
This yields tow CTE values of a1 = 0.5 9 10
6 K1 and
a2 = 6.5 9 10
6 K1. Other studies have shown a slight
temperature sensitivity, with values of ﬁber axial CTE of
about zero.11 Using this value, the composite CTEs are
a1 = 1.0 9 10
6 K1 and a2 = 6.5 9 10
6 K1. As noted in
forthcoming discussion, virtual tests based on these two sets
of CTE values yield transverse strains that agree well with
the measurements when the tow contact interaction is
selected accordingly (as described in the following section);
but the axial strains remain low compared to experimental
measurements.
Motivated by this discrepancy, an alternative selection was
made for the tow axial CTE. Here, the variations in the pre-
dicted axial strains with the axial tow CTE (0.5 9 106 and
1.0 9 106 K1) were extrapolated linearly to the point
where the predictions coincided with the measurements for
the axial strains of the warp population of tow segments.
The resulting inferred axial tow CTE is a1 = 1.6 9 10
6 K1.
Although the absolute value of this CTE remains small
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Table I. Elastic Properties of Tows
Ex Ey Gxy Gyz mxy myz
179 GPa 29 GPa 29 GPa 10 GPa 0.23 0.47
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relative to those of most ceramics (including SiC), it exceeds
the micromechanically based predictions by a measurable
amount [(0.6–1.1)9106 K1].
(3) Tow Contacts and Interactions
As evident in the micrographs in Figs. 1 and 2, the individ-
ual tows are connected to their neighbors only in select
regions. For instance, in Fig. 1(b), the surface wefts situated
directly across from the crowns of the warp tows are not
connected to the other tows in the plane of this section. The
remaining wefts exhibit some contact with both the warp
tows and the neighboring wefts. In another case [Fig. 1(d)],
in a section taken along the weft direction through the center
of a surface weft, the warp tows are in intimate contact with
the weft tows. In contrast, in parallel sections away from the
weft mid-line [Fig. 1(c)], the outermost warp tows make min-
imal contact with the wefts. These contacts were treated in
the FE simulations using two approaches, intended to bind
the realistic range of expected behavior.
In the ﬁrst, the contacting regions between warp and weft
tows were treated as being unbonded and constrained from
moving only by friction: a limiting condition that would be
obtained if all interfaces between tows were cracked (as a
result of thermal stresses, for example). The friction coeﬃ-
cients were taken as either 0 or 0.5 (the choice proved unim-
portant, however, as demonstrated in a subsequent section).
In the second, the tie interaction property in Abaqus was
used between the nodes on the surfaces of the warp and weft
tows, simulating a perfectly bonded interface. This interac-
tion property takes as an argument a threshold nodal separa-
tion distance, hereafter refered to as the tie tolerance, below
which any pair of nodes is considered to be rigidly attached
throughout the simulation. Tie tolerances were varied over
the range 0.5–75 lm. By comparison, the physical character-
istic that most closely relates to the tie tolerance—notably,
the thickness of the SiC coating on the tows—is about 30–
40 lm. If the CVI process produced a uniform SiC coating
of this thickness, tows within 60–80 lm of one another
would be expected to be bonded. Thus, 75 lm represents a
physically realistic upper limit on the tie tolerance. In all
cases, the nodes between adjacent warp tows were tied to
one another where they were in contact with one another.
The eﬀects of tie tolerance on the contact patches formed
between adjacent tows are illustrated in Fig. 8 for the three
representive tow types. Each of the tows has been bisected
along its longitudinal axis and the two halves separated to
reveal the contacts on both top and bottom surfaces. The
contact patches are color-coded, as indicated by the legend.
For a tie tolerance of 0.5 lm, the contact patches (in red)
are typically about half a tow width. For the central weft,
the locations of the patches made by contact with the warp
tows alternate between the fore and the aft regions of the
tow. A similar pattern is evident on the bottom side of the
surface weft. However, on its top side, the contacts are made
in the central region of the tow. For the warp tows, the con-
tact patches made with the wefts are somewhat more irregu-
lar in size and shape, reﬂecting variations in trajectories of
the weft tows. As the tie tolerance is increased to 5 lm, the
contact patches expand only very slightly, now encompassing
the regions shown in both red and green. The areas grow
progressively but nonlinearly with tie tolerance. The degree
of contact increases by a factor of about two as the tie toler-
ance is varied over the full range. Its eﬀect is manifested in
the thermal strains predicted by the virtual tests, presented in
the following section.
IV. Virtual Tests Versus Experimental Measurements
The ﬁrst set of virtual tests was designed to probe the eﬀects
of tie tolerance on thermal strains in the warp and the sur-
face weft segments, all for a1 = 0.5 9 10
6 K1 and
a2 = 6.5 9 10
6 K1 (as determined from the micromechani-
cal models and the initial estimates of tow properties). These
results and the experimental measurements are plotted in
Figs. 9(a) and (b). When the tows are allowed to slide (either
without friction or with a friction coeﬃcient of 0.5), the
transverse tow strains are grossly over-estimated and the
axial strains are grossly underestimated. Furthermore, in
contrast to the experiments, the virtual tests predict virtually
no strain variations. Consequently, this set of tow property
values and tie conditions were deemed inadequate. The corre-
lations improve as the contacts are tied and as the tie toler-
ance is increased. When the most realistic estimate of tie
tolerance (75 lm) is used, the computed transverse strains
are comparable to the experimental measurements. Further-
more, the computed variations in transverse strains appear to
be remarkably similar to those obtained experimentally.
However, the computed axial strains remain in rather poor
agreement with the experimental measurements.
The results of the virtual tests based on the tow axial CTE
obtained by extrapolation are plotted in Figs. 9(c) and (d).
Here, the computed axial strains for both warp and weft
tows appear to be in good agreement with the measurements.
The computed strain variations also appear to be of the cor-
rect magnitude (though slightly smaller than those obtained
in the experiments, the diﬀerence being approximately equal
to the magnitude of the strain measurement error of
0.0001–0.0003). In addition, the computed transverse tow
strains are only very slightly aﬀected, and hence, remain in
agreement with the measurements. The inferred axial tow
CTE is only very slightly higher than that obtained from mi-
cromechanical models and best estimates of the constituent
properties (1.6 9 106 K1 vs 1.0 9 106 K1).
Surface weft
Top side
Bottom side
Central weft
Warp tow
Top side
Bottom side
0.5 μm
5 μm
50 μm
75 μm
Tie tolerance
(a)
(c)
(b)
Fig. 8. Eﬀects of tie tolerance on regions of tow contact.
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Despite the seemingly small amount of SiC in the pres-
ent C/SiC composite, its eﬀect on thermal strains is signiﬁ-
cant. The values expected of the fabric alone would be
virtually identical to those of the individual ﬁbers in the
axial and radial directions: in the range of 0.0006 to 0 in
the axial direction and about 0.009 in the transverse direc-
tion. The diﬀerences between these strains and those mea-
sured on the composite indicate a signiﬁcant role of the
SiC matrix.
V. Conclusions
A methodology for calibrating the thermoelastic properties
of constituent tows in an anisotropic C/SiC composite based
on a combination of real and virtual tests has been pre-
sented. Because of the non-uniformity of the matrix phase
and the presence of micro-cracks, tow properties cannot be
reliably predicted a priori using micromechanical models
alone; instead, some can only be inferred from coupled
experimental/numerical studies of the kind presented here. A
small number of iterations of FE simulations is required to
achieve satisfactory agreement in all thermal strain compo-
nents. The number of iterations is minimized by ﬁrst per-
forming simulations using model-based estimates of the
eﬀective tow properties, followed by judicious adjustments to
select property values.
The study reveals that although each segment of a particu-
lar tow genus is nominally equivalent to all others, the
strains within each group exhibit considerable variations.
This is attributable to variations in both tow geometry and
connectivity between adjacent tows. The virtual tests predict
strain variations of comparable magnitude.
Although the present study has focused on a partially pro-
cessed composite, the expectation is that the resulting ther-
moelastic constants will be relevant to composites with more
heavily densiﬁed matrices. That is, since the tow interiors
have been essentially sealed by the CVI SiC jacket, subse-
quent processing steps, involving slurry and precursor inﬁl-
tration, will generate additional matrix material only in the
large intertow spaces, leaving the intratow spaces unchanged.
The major change to be implemented in the corresponding
virtual tests is the addition of a matrix phase between the
tows.
Appendix
Thermoelastic Properties of Tows
A1. Elastic Constants
The elastic properties of the C/SiC tows are obtained in the
following way. The SiC and the intra-tow porosity are
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homogenized into an eﬀective medium and the properties of
this medium are inferred from experimental measurements
and FE simulations of tensile properties in both warp and
weft orientations. The calibration procedure is performed in
three steps: (i) the tow properties are calculated using estab-
lished composite models, the reported ﬁber properties
(Table A1) and a set of assumed elastic properties of the
eﬀective medium; (ii) FE calculations are performed of the
elastic response of the composite in both orientations using
the calculated tow properties; and (iii) the FE results are
compared with the experimental measurements. The proce-
dure is repeated until consistency is obtained between the
computed and measured composite moduli.
The tows are treated as being transversely isotropic.
Denoting x as the ﬁber direction and y and z as the two
orthogonal directions, the pertinent elastic constants are the
Young’s moduli, Ex and Ey, the shear moduli, Gxy and Gyz,
the bulk modulus, k, and the Poisson’s ratios, mxy and myz.
Among these, ﬁve are necessary for a complete description of
the tow response. The constants are calculated from Hashin’s
equations for composites reinforced with unidirectionally
aligned anisotropic ﬁbers.10
Closed-form solutions for the elastic constants Ex, Gxy, mxy
and k for composites with transversely isotropic ﬁbers are
based on modiﬁcations to the solutions from the composite
cylinder assemblage model for isotropic constituents.9,10 They
are given by:
Ex ¼ Efkfþ Emð1 fÞ þ
4ðmfk  mmÞ2fð1 fÞ
ð1fÞ
kf?
þ fkm þ 1Gm
(A1)
mxy ¼ mfkfþ mmð1 fÞ þ
ðmfk  mmÞ 1km þ 1kf?
 
fð1 fÞ
ð1fÞ
kf?
þ fkm þ 1Gm
(A2)
Gxy ¼ Gm þ f1
GfkGm þ
1f
2Gm
(A3)
k ¼ km þ f1
kf?km þ
1f
kmþGm
(A4)
where the subscripts || and ┴ denote axial and transverse
directions, respectively, f is the ﬁber volume fraction and the
subscript m denotes the eﬀective medium.
Although closed-form solutions for the remaining parame-
ters—Gyz, Ey and myz—do not exist, the available bounds are
close to one another and provide a useful basis for estima-
tion. Here, we employ average values of the upper and lower
bounds. Provided Gf┴ < Gm and kf < km (as in the system of
present interest), the bounds for the transverse shear modu-
lus, Gyz() are given by:
GyzðÞ ¼ Gm 1þ ð1þ b1Þf
q f 1þ 3b21ð1fÞ2af3b1
 
2
64
3
75 (A5)
GyzðþÞ ¼ Gm þ f1
Gf?Gm þ
kmþ2Gm
2GmðkmþGmÞ ð1 fÞ
(A6)
where  represents the upper or lower bound and a ¼ b1cb21þcb2 ;
q ¼ cþb1c1 ; b1 ¼ kmkmþ2Gm; b2 ¼
kf
kfþ2Gf?; c ¼
Gf?
Gm
. The bounds for
Ey and myz are:
EyðÞ ¼
4kGyzðÞ
kþmGyzðÞ (A7)
myðÞ ¼
kmGyzðÞ
kþmGyzðÞ
(A8)
where m ¼ 1þ 4kmxyEx :
The Poisson’s ratio of the eﬀective medium is taken to be
mm = 0.2 and its Young’s modulus Em is varied over a wide
range. For each selected value of Em, the eﬀective tow prop-
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Fig. A1. Calibration of eﬀective medium Young’s modulus for
warp and weft loading. The solid symbols are experimental data
points and the lines are results of ﬁnite element calculations. Only
the small strain parts of the full stress–strain curves are shown.
Table A1. Elastic Properties of T300-Carbon Fibers
Young’s modulus† Shear modulus† Bulk modulus‡ Poisson’s ratio Volume fraction
Ef|| Ef┴ Gf|| Gf┴ kf┴ mf
† mf┴
§ f¶
230 GPa 14.5 GPa 22.75 GPa 4.8 GPa 15 GPa 0.27 0.51 0.61
†BP-Amoco chemicals.
‡Ef? ¼ 4kf?Gf?kf?þmGf?, m ¼ 1þ
4kf?m2fk
Efk
.
§mf┴ = (Ef┴/2Gf┴)1.
¶Determined from ﬁlament count and ﬁber density reported by the manufacturer in combination with the tow cross-sectional area measured by computed
tomography.1
Table A2. Thermal Expansion Coeﬃcients of Composite
Constituents
am
13 af||
† af┴
†
4.3 9 106 K1 0.6 9 106 K1 9 9 106 K1
†BP-Amoco chemicals (near ambient temperature).
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erties are computed from Eqs. (A1)–(A8) and used as inputs
to the ﬁnite element calculations.
Comparisons of the experimental measurements and the
numerical results are plotted in Fig. A1. Focusing on the
very small strain regime, the comparisons indicate that the
best estimate of the eﬀective medium modulus is
Em  100 GPa (it should be noted, however, that the com-
posite modulus is only weakly dependent on this selection
and thus the inferred estimate is subject to considerable
uncertainty). The resulting average tow properties are sum-
marized in Table I in the main body of the article.
A2. Thermal Expansion Coeﬃcients
The thermoelastic properties of the tows are estimated from
micromechanical models using the coeﬃcients of thermal
expansion of the constituents, found in Table A2, and the
tow mechanical properties calculated in Appendix A1. The
thermal expansion coeﬃcient of the eﬀective medium is
assumed to be the same as that of CVI SiC. A comprehen-
sive presentation can be found elsewhere.10,12 For composites
with transversely isotropic ﬁbers, the axial and transverse
coeﬃcients of thermal expansion, ax and ay, are given by:
ax ¼ ak þ ðafkl  amklÞPklrsðScrs11  Srs11Þ (A9)
ay ¼ a? þ ðafkl  amklÞPklrsðScrs22  Srs22Þ (A10)
where S denotes the elastic compliance tensor (computed
using the results in Appendix A1) and the superscripts f, m,
and c refer to ﬁber, eﬀective medium and composite, respec-
tively. The overbar denotes phase average, notably:
ak ¼ afkfþ amk ð1 fÞ (A11)
a? ¼ af?fþ am?ð1 fÞ (A12)
Srsij ¼ Sfrsijfþ Smrsijð1 fÞ (A13)
and the tensor P is the inverse of the diﬀerence between ﬁber
and eﬀective medium compliance tensors:
Pklrs S
f
rsij  Smrsij
 
¼ Iklij (A14)
where I is the identity tensor.10
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